Objectives: Interaural level differences (ILD) and interaural timing differences (ITD) are important cues for locating sounds in space. Adult bilateral cochlear implant (CI) users use ILDs more effectively than ITDs. Few studies investigated the ability of children who use bilateral CIs to make use of these binaural cues. Our working hypothesis was that children using bilateral CIs are able to perceive changes in ITDs and ILDs similar to their normal-hearing (NH) peers.
INTRODUCTION
Interaural level differences (ILDs) and interaural timing differences (ITDs) are the most important cues for sound localization. Currently, it is not known whether these cues are accessible to children who use bilateral cochlear implants (CIs) . Previous research has shown that adults with two implants use interimplant level cues more effectively than timing differences (van Hoesel & Clark 1997 ; van Hoesel & Tyler 2003 ; van Hoesel 2004) . Others have shown improved localization acuity in children with bilateral implants compared with unilateral implant users (Litovsky et al. 2006a,b; Grieco-Calub et al. 2008; van Deun et al. 2009a ). However, to date, no studies have directly investigated the ability of children with bilateral CIs to interpret level or timing differences between implants. In this study, we questioned whether these children perceive changes in location of pulse trains with changes in interimplant level or timing differences.
ITDs arise as a result of the physical separation of left and right ears; sounds from non-midline sources arrive at one ear slightly before the other. Normal-hearing (NH) listeners can recognize timing delays between ears as small as 10 sec (Akeroyd 2006) . ILDs can best be explained by the headshadow effect, whereby sounds arrive with greater intensity at the side closest to the source. NH adults can be sensitive to ILDs of as low as 0.5 dB (Akeroyd 2006) . The advantages of binaural listening in individuals with NH are well known and include improved sound localization and speech understanding in noise. Ideally, bilateral CIs would provide these advantages to pediatric bilateral CI users.
Several studies have reported that adult bilateral CI users have improved sound localization along the horizontal plane when using two implants as opposed to one (van Hoesel et al. 2002 ; van Hoesel & Tyler 2003; Nopp et al. 2004 ). This improvement has been widely attributed to interpretations of interimplant level differences (van Hoesel et al. 2002; Laback et al. 2004; Senn et al. 2005; Grantham et al. 2007 Grantham et al. , 2008 Seeber & Fastl 2008) . Indeed, bilateral CI users have ILD thresholds nearing normal levels. van Hoesel and Tyler (2003) showed that when stimulation from the bilateral CI electrodes is delivered directly through a research interface, adult bilateral CI users can have ILD sensitivities of as low as 0.17 dB, as defined in terms of stimulation current. However, the relation between electrical stimulation current and acoustic input levels is arbitrarily determined in sound processors by a loudness mapping function, so direct comparison of ILD sensitivity in CI users and listeners with NH is not possible. Studies that used acoustic stimuli presented to participants' speech processors have reported ILD sensitivities of as low as 1.4 to 5.2 dB (Laback et al. 2004 ) and 0.9 to 3.3 dB (Grantham et al. 2008) , in terms of acoustic input levels.
The contribution of interimplant timing differences to sound localization in adults using bilateral CIs is less clear. The ability to discriminate temporal differences between implants depends greatly on the stimulation parameters, and in particular, on rates of presentation. At rates that are typically used in speech processors (Ͼ400 pulses per second [pps]), adult CI users have greater difficulty interpreting timing differences than when lower stimulation rates are used. van Hoesel and Tyler (2003) reported ITD sensitivity thresholds of 100 sec when pulses were presented at 50 pps in a group of highperforming adult bilateral CI users. When pulse presentation rates were increased to 200 pps, ITD thresholds were higher (ϳ200 sec; van Hoesel & Tyler 2003) . Similarly, others have reported that ITD thresholds increase with increases in stimulus rates (van Hoesel & Clark 1997; van Hoesel et al. 2002; Long et al. 2003; Laback et al. 2004 ; van Hoesel 2004 van Hoesel , 2007 van Hoesel , 2008 , but can be restored to that seen at lower pulse rates if a low-rate amplitude modulation is applied to the electrical pulse train ( van Hoesel 2007) . Our group has shown that auditory brain stem response amplitudes in children using CIs deteriorate as electrical pulse rates increase (Davids et al. 2008) . It is possible that neural adaptation may occur at this level of the auditory pathways for faster rates of stimulus presentation perhaps impairing ITD sensitivities. However, the observer weighting data from van Hoesel (2008) showed that, for high-rate pulse trains, ITD information after the onset pulse was reduced immediately rather than gradually as might be expected from an adaptation process.
Interimplant level and timing discriminations have yet to be directly investigated in children who use bilateral CIs. However, a number of studies have shown that these children do show better localization acuity of free-field sounds using two CIs rather than a single CI (Litovsky et al. 2004 (Litovsky et al. , 2006a Galvin et al. 2008; Grieco-Calub et al. 2008) . Grieco-Calub et al. (2008) reported that, on average, children with bilateral CIs have smaller minimum audible angle thresholds (the smallest discernable change in the location of a sound that can be consistently measured) than their unilateral-implant using peers. Similarly, Litovsky et al. (2004) showed that pediatric bilateral implant users obtain smaller minimum audible angles than children using one implant and one hearing aid. Using a left versus right discrimination task (with speakers placed at 90°to the right and left of the child), Galvin et al. (2008) reported that seven of the nine children who received their second implant before the age of 4 yrs (mean interimplant delay: 1 yr 6 mos) performed significantly above chance when using both as opposed to only one implant. None of the participants in that study performed above chance when using only one implant on their more experienced side (Galvin et al. 2008 ). Although the above groups showed that children with bilateral implants have an improved ability to discriminate differences in sound sources, Litovsky et al. and Grieco-Calub et al. also highlight that children using CIs have poorer localization acuity than their NH peers. Galvin et al. (2007) reported that children who received their second CI after 4 yrs of age (mean interimplant delay: 6 yrs 2 mos) did not show any improvement using both implants over unilateral conditions on tests of sound localization after 6 to 13 mos of bilateral experience. Recently, van Deun et al. (2009a) reported that 19 of the 30 bilaterally implanted children performed above chance on a nine-speaker localization task. The authors highlight the large variability found for the group of implanted children and suggest that age at first stimulation (either hearing aids or CIs) and use of hearing aids preimplantation may be predictors of localization ability (van Deun et al. 2009a ). Based on previous research, it would seem that, although bilateral CIs do improve sound localization abilities, there is still considerable room for improvement in this area for many children. Observed variability in localization performance of implanted children may be more fully understood by investigating binaural cues (i.e., ILDs and ITDs) directly. This study attempts to describe the ability of children who use two CIs to use these cues.
The ability to interpret level and timing differences between implants could be compromised in bilateral CI users for a number of reasons. First, electrical stimulation of the auditory system may provide insufficient information relative to acoustical input for bilateral comparisons. Second, many children, including the participants in this study, received their second implant after a period of unilateral implant use. This period of unilaterally driven development of the auditory system may alter the ability of the auditory pathways to process binaural stimuli (Gordon et al. 2008) . Third, sequential implantation tends to result in the use of two different device generations, which could mean that the two auditory pathways are being stimulated in different ways, perhaps hindering binaural comparisons.
This study measured the abilities of children using bilateral CIs to lateralize pulses with ILDs or ITDs. Stimulus intensities for ITD testing were balanced using electrically evoked brain stem responses. Behavioral and electrophysiologic measures were evoked by the same stimuli presented directly to the participant's CI, bypassing the speech processors. A group of children with no history of hearing loss also participated in this study and were asked to lateralize acoustic clicks presented with ILDs or ITDs.
PATIENTS AND METHODS
This study was conducted under approval by the Research Ethics Board at the Hospital for Sick Children, Toronto, Canada.
Participants
Twenty-eight children, 19 with bilateral CIs (CI group) and nine NH (NH group) participated in this study. CI users were recruited from the Cochlear Implant Program at the Hospital for Sick Children in Toronto, Canada.
Demographic information for the participants with CIs is provided in Table 1 . All children in the CI group had been provided with bilateral CIs sequentially; they received their first implant (CI-1) at 2.1 Ϯ 1.0 yrs of age and were provided with a second CI (CI-2) after 4.9 Ϯ 2.8 yrs of unilateral implant use. All had normal cochlear morphology, as judged by high-resolution computed tomography and magnetic resonance imaging of the temporal bones. Three children in the CI group had a period of usable residual hearing (aided or unaided thresholds Ͻ40 dB HL) before the onset of bilateral deafness (CI-N, CI-Q, and CI-R). These three children were diagnosed with profound binaural hearing loss at the age of 2.1, 2.7, and 1.6 yrs, respectively, and were provided with their first implant 0.4, 0.2, and 0.3 yrs later, respectively. As shown in Table 1 , the etiologies of deafness were unknown (CI-N), mutations in GJB-2 (CI-Q), and meningitis (CI-R). The remaining children in the CI group were profoundly deaf from birth and had no significant auditory experience in either ear before receiving their first implant.
The participants in the CI group were all Nucleus 24 device users, with varying combinations of system generations (M, CS, CA, and 24RE), as described in Table 1 . The Nucleus 24M consists of a straight array of electrode bands, whereas the Nucleus 24CS, 24CA, and 24RE generations are systems with precurved arrays (Cohen et al. 2003) . The precurved devices are designed to sit anatomically closer to the modiolus than the straight-array devices (Cohen et al. 2003) . The precurved devices also contain 22 half-banded platinum electrodes that are thought to reduce the current required to achieve similar levels of loudness as compared with the fully banded electrodes in the straight array (Cohen et al. 2003; Patrick et al. 2006 ). The 24M, CS, and CA devices use slightly different conversions between clinically used Current Units (CU) and current microampheres than does the N24RE, leading to some differences in microampheres delivered by the same CU. For example, 200 CU presented by 24M, CS, and CA devices is approximately equal to 574.4 A (pulse width ϭ 25 sec), whereas 200 CU delivered from a CI24RE device is slightly higher (648.1 A). Current clinical techniques use CU for programming CIs, rather than microampheres; therefore, this study determined stimulus intensities using CU to reflect the clinical environment, despite differences in current conversion.
All but one child (CI-N) were bilaterally implanted with two different generations of electrode arrays. CI-N used 24RE in both ears. In 15 participants, the second implant was 24RE. Importantly, the types of devices used by the children were moderately correlated with the duration of bilateral use at the time of testing (R 2 ϭ 0.42; p Ͻ 0.005), because new devices became available over time. The oldest generation of device used by the children in this study was the Nucleus 24M, followed in chronological order by the 24CS, 24CA and finally, the 24RE. Therefore, children with long periods of bilateral use received earlier device generations on both sides compared with children who received their second CI more recently.
All children in the CI group completed the study protocol during the course of two visits. During the first visit, electrically evoked auditory brain stem responses (EABRs) were recorded to objectively match the amplitude of auditory responses evoked by the left and right CIs. During the second visit, the children performed a behavioral lateralization task, using stimulus levels identified from brain stem recordings for the ITD task. At the first visit, children ranged in age from 4.4 to 13.6 yrs with a mean of 8.1 Ϯ 3.2 yrs, as detailed in Table  1 . Ages at the second visit ranged from 5.7 to 13.7 yrs with a mean of 9.1 Ϯ 2.1 yrs. The nine participants in the NH group ranged in age from 5 to 13.5 yrs (mean 9.9 Ϯ 2.9 yrs), and there was no significant difference between the age of the NH group compared with the CI group (t[26] ϭ Ϫ0.619, p ϭ 0.54). Audiometric thresholds were screened at 30 dB HL. All nine children in the NH group completed the behavioral task.
Stimuli for Electrophysiologic and Behavioral Tests
In this study, careful consideration was given to match the inputs between left and right implants for intensity and place of stimulation. Currently, however, there is no known method to accurately balance these parameters in children, because subjective reports can be unreliable. With respect to the place of stimulation, apical electrode no. 18 was chosen on both sides for all children. An apical electrode was preferred over more basal electrodes, because evoked potential responses from the brain stem and cochlear nerve are greater in amplitude and hearing thresholds are lower when evoked from the apical as opposed to basal end of the cochlea (Propst et al. 2006; Gordon et al. 2007; Gordin et al. 2009 ). The same electrode in each implant (i.e., electrode no. 18) was chosen in the absence of any reliable method to match pitch between the two electrode arrays in these children. This setup was also consistent with the fact that frequencies allocated to electrode no. 18 were the same for both implants and that these parameters formed the children's only bilateral hearing experience.
With respect to the matching intensities between implants, EABRs were recorded unilaterally over a range of stimulus levels. Our objectives in doing this were twofold. First, we aimed to identify intensities delivered to left and right implants separately, which evoked the most similar wave eV amplitudes. This was considered to be an indication of stimuli evoking the same magnitude of response in the auditory brain stem. Our second objective in recording EABRs was to compare eV amplitudes with behavioral responses to interimplant level differences at equivalent intensities. To assess these correlations, the same range of stimulus intensities used to complete EABR recordings was also used for the behavioral ILD task (detailed below). Thus, the study protocol was conducted during the course of two visits. First, EABRs were recorded, then children returned 1.0 Ϯ 0.5 yrs later for a second visit, during which behavioral responses were evaluated. One child (CI-D) completed the behavioral task during her first visit and the electrophysiologic recordings were performed 2 mos later. For this child, stimulus intensities were determined using electrophysiologic recordings collected during a previous, independent study.
Stimuli for evoking EABRs were single biphasic electrical pulses (25 sec/phase) delivered at a frequency of 11 pps from electrode no. 18. Stimulation parameters were programmed and delivered through a SPEAR processor and custom software (The Hearing CRC, Melbourne, Australia). Current intensities were customized for each implanted child. Children identified the loudest levels that remained comfortable to listen on each side. The lower of these two values was defined as the maximum stimulation level for that child, and the same set of five intensities (CU) was provided from each CI (with the exception of one child, CI-Q, as detailed below). EABRs were evoked by five unilaterally presented stimulus intensities, ranging Ͼ20 CU and decreasing in steps of 5 CU. The stimulus intensities defined for each child are detailed in Table 2 . As indicated earlier, conversion of microampheres to clinically used CU differs slightly between the 24M, CS and CA, and 24 RE devices. For this reason, Table 2 describes intensities in CU, microampheres, and in decibel as defined by the following formula:
where A is the current for CI-1 or CI-2 (A) and B ϭ 100 A. CU values were converted to microampheres using the correct current conversion algorithm for each device.
Stimuli used for behavioral testing consisted of electrical pulses delivered by the same apical electrode (no. 18) (in the CI group) or broadband clicks presented through insert earphones (in the NH group) at 11 pps for 500 msec. For the CI group, the same stimulus equipment used to evoke the EABR was used for the behavioral studies. In the NH group, click trains (24 bit with 192 kHz sampling rate) were delivered through insert earphones at 11 pps. Stimuli were programmed and delivered via MathWorks (Natick, MA) Matlab 7.3.1 (R2006b) using a Creative (Milpitas, CA) Sound Blaster Audigy2 ZS (Notebook version) soundcard and Microsoft (Redmond, WA) DirectX 9cAPI software.
Electrophysiologic Recordings
Evoked responses were recorded by the NeuroScan 4.3 system with a Synamps I amplifier. Surface electrodes were used for recording; the noninverting electrode was placed at Cz (center mid-line) and referenced to electrodes placed on each earlobe (A1-left and A2-right) in two separate bipolar recording channels (Cz-A1 and Cz-A2). A ground electrode was placed on the forehead. Responses were sampled at 20 kHz, a gain of 5000 was used and recordings were filtered on-line (10 -3000 Hz, 12 dB/octave). A minimum of two visually replicable recordings were obtained at each stimulus intensity. Sweeps containing responses greater than Ϯ30 to 40 V were rejected from the average. During recording, children sat quietly and watched a movie. Their CI microphones were inactive during stimulus presentation and recording, that is, they had no access to any environmental sounds. Movie captions were provided when requested. Depending on the age and comfort level of the children, they either sat by themselves or on their parent's lap.
Behavioral Lateralization Task
Children in the NH and CI groups participated in a behavioral lateralization task. Each child listened to stimuli presented unilaterally or bilaterally and were instructed to indicate verbally or by pointing, whether sounds were perceived as coming from the left side, right side, middle of the head, or both sides simultaneously.
A short training period was carried out with the children in the CI group before testing, using unilateral stimuli. Four to five random presentations of CI-1-and CI-2-only stimuli were provided. Children were encouraged when they gave responses that corresponded to the side of stimulation. Training was not necessary for the children in the NH group, as all children showed an understanding of the task at the onset of testing. During testing, if children were unsure of which side to indicate, they were encouraged to give their "best guess."
In the CI group, as indicated earlier, the range of current intensities varied among children because each child had unique maximum comfort levels. Table 3 provides an example of the full set of stimuli presented in one behavioral session for a child in the CI group and a child in the NH group. The individual stimulus intensities of each child in the CI group are listed in Table 2 . In the CI group, unilateral stimuli were presented at each child's maximum intensity. Bilaterally delivered stimuli were presented with interimplant/interaural time or level differences (ITD and ILD, respectively). Bilateral electrical pulses or clicks were presented simultaneously for all ILDs. ILDs were presented at 0, Ϯ10, and Ϯ20 for the CI group (CU) or the NH group (dB) (where ϩ indicates higher intensities to CI-2 or left ear for NH listeners and Ϫ indicates higher intensities to CI-1 or right ear for NH listeners, and 0 CU ILD indicates equal CU delivered to both sides). In five children (CI-C, CI-D, CI-E, CI-G, and CI-J), an additional ILD condition of Ϫ30 CU difference was added to the protocol. All delivered ILD pairs in the CI group matched intensities used for electrophysiologic recordings. Note that, although ILDs are indicated in both CU and decibels in Table 2 , stimulus intensities were determined using CU at the time of testing. Conversion from CU to decibels was done off-line, using the formula detailed earlier.
In the NH group, a range of 20 dB SPL (50 to 70 dB SPL in 5 dB steps) was presented to each ear, as indicated in Table 3 .
Timing differences between sides of 0, Ϯ400, Ϯ1000, and Ϯ2000 sec leading from the left and right sides were presented, as detailed in Table 3 . Positive ITDs denote bilateral input leading in CI-2 or left ear for NH listeners, negative values denote bilateral input leading in CI-1 or right ear for NH listeners, and 0 ITD indicates stimuli arriving to both CIs or ears at the same time. For participants in the CI group, ITDs were presented at the pair of current levels evoking the smallest eV amplitude difference for that child as defined using EABR recordings. For children in the NH group, ITDs were delivered at 60 dB SPL in both ears. As illustrated in Table 3 , a total of 13 to 14 different unilateral and bilateral stimuli were presented and each was repeated six times. A total of 78 to 84 trials were presented randomly in one block. The behavioral task took a maximum of 20 mins per child to complete the task. Some children found this more challenging than others, but all eventually completed the task.
Analyses of Electrophysiologic Recordings
Recorded waveforms were visually analyzed for wave eV amplitude peaks at latency ranges defined previously (Gordon et al. 2006 ) using Matlab 6.5.2. A time window of 2 to 10 msec was used for visual inspection of waveforms. Amplitude was measured as the difference from the positive peak to the following trough. The total sweeps from all replicable recordings were averaged together.
As indicated earlier, brain stem responses were recorded as a method for matching the amplitudes of auditory responses evoked by each CI. Figure 1A demonstrates typical EABRs evoked in one child (CI-A) by the first (CI-1, gray) and second (CI-2, black) CIs individually at five decreasing intensities (225 to 205 CU). Figure 1B shows measured eV amplitudes from the recorded waveforms. For the purposes of interimplant comparisons, stimulus intensities are shown along the x-axis from left to right in descending order for CI-2 stimuli and in ascending order for CI-1 stimuli. Dashed lines represent measured response amplitudes evoked by CI-1 (gray) and CI-2 (black). The best fit linear regression lines are represented by the thick solid lines. The point at which regression lines intersect was defined as the child's "minimum amplitude difference point," and this is highlighted by a vertical gray line ( Fig. 1B) . Thus, as shown in Figure 1B , the minimum amplitude difference point for child CI-A occurred when delivered stimulus intensities were of nearequal CU.
Minimum amplitude difference points were identified for each child in the CI group (mean Ϯ SD Ϫ 12 Ϯ 11 CU, Ϫ1.6 Ϯ 2.0 dB) and the corresponding stimulation levels were used during the subsequent behavioral lateralization task for ITD presentations. This was possible using the same 20 CU range in both ears in all but one child (CI-Q). For this child, clear EABRs were only evoked by stimulation from CI-2 using a maximum stimulus level of 170 CU from both implants, as shown in Figure 2A . Therefore, an additional visit was scheduled and a second EABR recording was made, this time offsetting intensity ranges were delivered to either ear. During this visit, EABRs were re-recorded using a maximum stimulus level of 180 CU to CI-2 and 220 CU to CI-1, stimulus intensities for this visit are indicated in Table 2 . As shown in Figure 2B , this yielded clear EABR waveforms evoked by each side.
Analyses of Behavioral Data
The percentage of each type of report (CI-1, CI-2, middle or both) was calculated for each child at all stimulus conditions. These values are represented graphically using "circle plots," Fig. 1 . Unilaterally evoked EABR waveforms from a representative child (CI-A) at five decreasing stimulus intensities. (A) Wave eV amplitudes, measured from peak to following trough, are shown (B) with the first cochlear implant (CI-1) with current unit (CU) intensities increasing from left to right, and the second cochlear implant (CI-2) intensities decreasing from left to right. Solid black (CI-2) and gray (CI-1) lines indicate best fit linear regression lines. The intersection of the regression lines is the point of minimum amplitude difference, designated by a vertical gray line. as seen in the bottom rows of Figure 4 (CI-A to CI-O). In these figures, the percentages of each child's responses are conveyed by the size of circles relative to a circle 5 mm in diameter. Thus, 100% was depicted by a circle of 5 mm diameter and, for example, 50% by a circle with a diameter of 2.5 mm. Responses greater than 65% represented a lateralization percentage that was significantly above chance (25%). Along the x-axis of each circle plot figure, the interimplant level (ILD) or interimplant timing (ITD) differences and two unilateral-only presentations (CI-1 and CI-2) were depicted. Children's responses to unilateral-only presentations were used as a measure of how well the task was understood. Four children whose responses to one or both unilateral presentations were Ͻ50% accurate (CI-P, CI-Q, CI-R, and CI-S) were excluded from analyses. These children's electrophysiologic and behavioral responses to ILDs are shown in Figure 6 .
One objective in recording behavioral responses to ILDs for each child was to determine whether bilateral stimuli were perceived to be balanced in terms of level. In NH listeners, one would expect balanced bilateral inputs to be perceived to come from the middle of the head; however, early observations revealed that few children in the CI group reported sounds as coming from the middle. Therefore, cumulative Gaussian fits to the data, describing percent responses toward the first implanted ear, were determined using a maximum likelihood criterion. Subsequently, 50% thresholds reflecting equally likely lateralization responses toward CI-1 and CI-2 were calculated using a bootstrap procedure (Foster & Bischof 1991) . For the purposes of this calculation, ILDs were expressed in decibel. These curves are represented in gray and are superimposed over the behavioral "circle plots" in Figure 4 (bottom rows). Therefore, in lieu of using middle responses as an indication of bilaterally balanced inputs, 50% thresholds indicate the ILD equally likely to elicit either a CI-1 or CI-2 response from the child. This point was called the point of equal probability and is indicated on the circle graphs in Figure  4 
RESULTS

Electrically Evoked Responses From the Auditory Brain Stem
EABRs were recorded for five stimulus intensities delivered to CI-1 and CI-2. The range of delivered CU was the same for both implants in all but one child (CI-Q). Mean eV amplitudes evoked from CI-1 ranged from (mean Ϯ SD) 0.43 Ϯ 0.29 V to 1.19 Ϯ 0.40 V, whereas CI-2-evoked responses ranged from 0.71 Ϯ 0.30 V to 1.51 Ϯ 0.45 V. These amplitudes were consistent with previous EABR data evoked by stimulus levels in the middle to upper portion of the dynamic range of current intensity (Gordon et al. 2008) . Amplitude growths with increasing stimulus intensity for CI-1 and CI-2 are plotted in Figure 3 . The mean increase in wave eV amplitude with increase in intensity was similar for both implants.
Interimplant Level Differences
Electrophysiologic and behavioral results from each child in the CI group are shown in Figure 4 . Line-graphs depict wave eV amplitudes from unilaterally evoked responses at five stimulus intensities (Fig. 4, top rows) . Response amplitudes evoked by the first implant (CI-1) are represented in red and those evoked by the second (CI-2) are shown in blue. Best fit linear regression lines are shown for each side. The minimum amplitude difference point, where regression lines intersect, is designated by a vertical yellow line. The mean minimum amplitude difference for all children in the CI group was defined as 0.7 Ϯ 1.1 CU or Ϫ1.4 Ϯ 2.2 dB greater toward CI-1. Figure 4 (bottom rows) also includes circle plots for each child, detailing behavioral lateralization of ILD-only stimulus presentations. A scale is provided in the bottom right corner of Figure 4 , with examples of the size of circles representing 100, 83, 67, 50, 33, and 17%.
Regression lines based on CI-1 lateralization responses are depicted with gray lines superimposed over the circle plots (bottom rows). Vertical yellow lines in bottom rows designate points of equal probability, where the regression lines reached 0.5. Points of equal probability were not defined for two children in Figure 4 (CI-N and CI-O), because a clear shift from CI-2 to CI-1 could not be defined. In these cases, the dominance of responses shifted from CI-2 to "both" before shifting to CI-1. Mean points of equal probability for the remaining children were 1.9 Ϯ 2.2 dB greater toward CI-1.
For 13 children in the CI group, we defined both a minimum amplitude difference and a point of equal probability. These two values represented the electrophysiologically and behaviorally defined intensity matches, respectively, between CI-1 and CI-2 for each child. Inspection of Figure 4 reveals that, for many children, minimum amplitude difference values and points of equal probability occurred at equivalent or nearequivalent intensity pairs. This observed match between the two measures is more closely considered below in Figures 7 and 8. Figure 4 also highlights that many children indicated that they heard bilateral stimuli more frequently on the side of CI-2 and that EABR wave eV amplitudes were often larger at similar intensity levels when evoked by CI-2 compared with CI-1. Consequently, dominance shifts were more often defined at ILDs at which CI-1 current level was greater than CI-2 current level.
Differences in current level requirements between sides were found to be particularly noticeable in children who used one 24RE device. Specifically, EABRs evoked by a 24RE were observed to require lower current levels than other devices to generate the same amplitude of response in the same child. The difference in CU between implants needed to evoke the most similar wave eV amplitudes was significantly greater for children using one 24RE (Ϫ13.33 Ϯ 11.13 CU) compared with that of the other children (2.50 Ϯ 5.00 CU; t[17] ϭ Ϫ2.728; p Ͻ 0.05). When intensities were expressed in decibel (re: 100 A) rather than CU, these differences were still significantly different. Children with one 24RE device required 2.2 Ϯ 2.8 dB greater current in CI-1 than CI-2 to evoke similar wave eV amplitudes whereas the difference in current was 0.5 Ϯ 1.2 dB toward CI-2 in the remaining children (t[17] ϭ Ϫ2.826; p Ͻ 0.05). Related analyses showed that the current differences required to evoke similar EABR wave eV amplitudes could not be explained by the use of straight versus curved electrode arrays (CU: t[17] ϭ 0.27, p Ͼ 0.05 or dB: t[17] ϭ 0.147; p Ͼ 0.05). Differences in decibel evoking similar wave eV amplitudes did not show a significant correlation to duration of unilateral CI use (R 2 ϭ Ϫ0.242; p ϭ 0.318) but did show a moderate correlation with the duration of bilateral use (R 2 ϭ 0.451; p ϭ 0.05). Importantly, the duration of bilateral implant use was also correlated to the generations of devices used (R 2 ϭ 0.44; p Ͻ 0.005). Similarly, the effects of duration of unilateral implant use could not be separated from issues related to the types of CI devices used. Children who used one 24RE and one 24M/CS/CA tended to experience longer periods of unilateral CI use (60.3 Ϯ 15.7% of their lives) than children using bilateral 24REs or no 24RE (42.5 Ϯ 14.8% of their lives; t[17] ϭ 2.025; p ϭ 0.06).
Mean behavioral responses to ILD from children in the NH group are shown in Figure 5A (left side). Solid circles represent mean responses from all NH children while outlined circles represent the Ϯ95% confidence intervals. As demonstrated in this figure, the percentages of left, right, and middle responses changed significantly with changes in ILDs (F[12] ϭ 27.20; p Ͻ 0.005). Children in the NH group consistently identified the side receiving the greater stimulus intensity. Thus, sounds presented 20 dB louder to the left side (ϩ20 ILD) were perceived to come from the left (mean Ϯ SD 87.0 Ϯ 16.2%). A smaller level difference between ears (ϩ10 ILD) resulted in a reduced percentage of "left" reports (48.1 Ϯ 24.2%) and increased "middle" reports (ϩ10 ILD: 42.6 Ϯ 26.5% versus ϩ20 ILD: 9.2 Ϯ 14.7%). When there was no level difference between ears (0 ILD), the NH group frequently chose the "middle" position (74.1 Ϯ 30.2%). Sounds with greater intensities delivered to the right side led to increased reports that sounds were perceived from that side (50.0 Ϯ 25.0% at Ϫ10 dB and 68.5 Ϯ 32.7% at Ϫ20 dB).
Mean responses to ILD presentations from the CI group are shown in Figure 5A (right side) in the form of a circle plot. This figure represents how children's responses changed with respect to changes in ILD measured in CU. Significant changes in the side of lateralization responses (to CI-1 or to CI-2) were observed in response to changes in ILD presentations (F[18] ϭ 23.22; p Ͻ 0.005). The frequency of CI-2 reports decreased with decreases in intensity to that side (80.5 Ϯ 23.5% for ϩ 20 ILD versus 34.4 Ϯ 28.2% for Ϫ20 ILD), and the percentage of reports that the stimuli lateralized to CI-1 increased as current level in CI-1 increased for each child (9.4 Ϯ 11% for ϩ 20 ILD versus 48.9 Ϯ 25.6% for Ϫ20 ILD). However, the profiles of response changes with ILDs were noticeably different from the NH group in three ways. First, the NH group reported that sounds presented at 0 ILD were heard as coming from the middle but the CI group reported 0 CU ILD sound perception from the middle significantly less frequently (NH: 74.1 Ϯ 30.2% versus CI: 4.4 Ϯ 9.9%; t[22] ϭ 11.23; p Ͻ 0.005). Second, unlike the NH group, there was no significant effect of ILD on the frequency of the middle response of the CI group (F[4] ϭ 0.69; p ϭ 0.76). Third, children in the CI group occasionally reported that ILD presentations were perceived to come from both sides, whereas no child in the NH group gave this response. There was no significant change in both responses with change in ILD in the CI group (F[4] ϭ 1.55; p ϭ 0.20).
Mean behavioral responses to ILDs from both groups are represented in the format of a line graph in Figure 5B . For Fig. 5 . Mean behavioral reports from the normal hearing (NH) and cochlear implant (CI) groups in response to interaural or interimplant level differences (ILDs). For responses from children with cochlear implants, mean values are represented in current units (CU) (A) and in decibel (B). In (A) the sizes of the solid circles represent the percentage of times each response was given. Outlined circles represent Ϯ95% confidence intervals. On average, children with NH indicated middle percepts when ILD ϭ 0 dB, whereas children using CIs rarely indicated middle in response to the ILD step sizes provided. The group of children using CIs responded more frequently to the side of the second CI (CI-2) until ILDs were weighted toward to the first CI (CI-1).
the purposes of this figure, CUs delivered to the children in the CI group were converted to decibel. Because the stimuli delivered to each child differed across the CI group, mean responses were grouped into six categories, according to the ILD delivered as expressed in decibel: 4.8 to 3.1, 3.1 to 1.4, 1.4 to Ϫ0.3, Ϫ0.3 to Ϫ2.0, Ϫ2.0 to Ϫ3.7, and Ϫ3.7 to Ϫ5.4 dB. As shown in Figure 5A , mean responses from the CI group are most similar when greater intensities are delivered to CI-1 than CI-2. Conversion of CU to decibel, as shown in Figure 5B , highlights that the bias toward CI-2 remains when differences in current conversion between device generations are taken into account.
CI Group Outliers
Four children in the CI group were excluded from data shown in Figure 4 and from statistical analyses. The exclusion criterion was Ͻ50% accuracy to unilaterally presented stimuli, indicating that the child may have not understood the task. The electrophysiologic and behavioral results from these four children are included in Figure 6 . Amplitudes of wave eV evoked by unilaterally presented electrical pulses in these children decreased with stimulus intensity. Also, larger amplitudes were evoked by CI-2 than CI-1 stimulation at the same CU levels in three of the four children (CI-P, CI-R, and CI-S). Note that stimulus intensities for CI-Q were different between implants. This was due to large differences in stimulation levels needed to evoke similar wave eV amplitudes as shown in Figure 2 and described in the Patients and Methods section.
The Relationship between Electrophysiologic Responses and ILD Lateralization in Children Using CIs
We asked whether matching amplitudes of the EABRs minimized lateralization to either CI. Figures 7 and 8 demonstrate the degree to which ILD behavioral lateralization reports corresponded to auditory brain stem response amplitudes evoked using the same electrical stimuli. Figure 7 plots the behavioral CI-1 minus CI-2 response percentages from each child at all ILDs versus the difference in eV amplitudes evoked by either implant ([CI-1 (V)] Ϫ [CI-2 (V)]) at equivalent intensities. This figure shows that large percent lateralized values corresponded to large differences in wave eV amplitude between sides. Conversely, at levels where differences in wave eV amplitudes were small or nil, the percent lateralized was also small. The relationship between these measures was R 2 ϭ 0.51, p Ͻ 0.005.
We determined the stimuli that evoked the minimum EABR wave eV amplitude difference and the points of equal probability from behavioral responses for each child in the CI group. These points are indicated for each child in Figure 4 (top and bottom rows, respectively) with vertical yellow lines. Differences between points of equal probability and minimum amplitude difference values were calculated for each child and are expressed in Figure 8 . In this figure, a negative value indicates that electrophysiologic measures predict a larger difference than the behavioral measures, whereas, positive values indicate that larger magnitude of decibel difference was required for balancing behavioral responses than for electrophysiologic responses. As shown in this figure, one child (CI-M) had differences of Ϫ4.0 and Ϫ6.0 dB between the two measures. In this case, the electrophysiologic measure pre- Fig. 6 . Measured eV amplitudes (top), and behavioral response circle plots (bottom) are shown for four children in the CI group who were excluded from mean analyses. The exclusion criterion was Ͻ50% accuracy to stimuli delivered unilaterally from the first or second cochlear implant (CI-1 or CI-2, respectively). Fig. 7 . Lateralization percentage measures are plotted against wave eV amplitude difference between CI-2-and CI-1-evoked responses at all interimplant level difference (ILD) conditions. Lateralization percentage is calculated as the difference between responses (% of total) to the side of the second versus first cochlear implant (CI-2 Ϫ CI-1) for each child. dicted a much greater difference (Ϫ4.8 dB) than the behavioral measure (0.4). Of the remaining children, differences between measures fell into three categories: 2.0 to 3.9 dB (N ϭ 2), 0.0 to 1.9 dB (N ϭ 5), and Ϫ2.0 to Ϫ0.1 dB (N ϭ 5). Response profiles from CI-N and CI-O were excluded because a point of equal probability could not be defined for these two children, as described earlier.
Interimplant Timing Differences
Lateralization tasks included stimuli with interaural and interimplant timing differences (ITDs). Individual responses to ITDs from children in the CI group are shown in Figure 9 . This figure, when compared with individual responses to ILDs in Figure 4 , highlights that, in general, children with CIs had more difficulty lateralizing presentations with ITDs than with ILDs. Only two children (CI-F and CI-M) had response profiles that indicated stimuli were perceived to come from the leading side. The remaining children had response profiles that were inconsistent. As with ILDs, children rarely reported that sounds were perceived to come from the middle, and occasionally reported that sounds were heard from both sides simultaneously. Children most often reported that sounds were perceived to come from CI-2 than CI-1.
Mean responses from children in the NH group to ITDs are shown in Figure 10A , B. This figure shows that all non-0 sec ITD presentations were most often lateralized by the NH group toward the leading side. "Left" responses were greater for left-leading stimuli (ITD: mean Ϯ SD; ϩ2000: 87.0 Ϯ 26.0%; ϩ1000: 90.7 Ϯ 16.9%; ϩ400: 81.5 Ϯ 21.2%) than that for right-leading stimuli (Ϫ2000: 3.7 Ϯ 7.3%; Ϫ1000: 5.5 Ϯ 11.8%; Ϫ400: 13.0 Ϯ 21.7%). Likewise, "right" responses were greater for right-leading stimuli (Ϫ2000: 88.9 Ϯ 16.7%; Ϫ1000: 94.4 Ϯ 11.8%; Ϫ400: 79.6 Ϯ 28.6%) than that for left-leading stimuli (ϩ2000: 9.2 Ϯ 18.8%; ϩ1000: 5.6 Ϯ 16.6%; ϩ400: 9.2 Ϯ 12.1%). Changes in responses with ITDs were statistically significant (F[12] ϭ 37.16; p Ͻ 0.005). Children in the NH group consistently indicated that bilateral stimuli of equal intensity presented at 0-sec ITD (simultaneously) were perceived to come from the middle (74.1 Ϯ 30.2%). Figure 10A , B shows mean responses from the CI group to pulse trains presented with interimplant timing differences. This figure shows a slight decrease in frequency of CI-2 responses as stimuli changed from CI-2 leading to CI-1 leading (ϩ2000: 63 Ϯ 31.5% versus Ϫ2000: 43.3 Ϯ 33.8%). This decrease was not statistically significant (F[6] ϭ 1.95; p ϭ 0.81). CI-1 reports do not change significantly across ITDs (ϩ2000: 23.3 Ϯ 30.7 versus Ϫ2000: 28.3 Ϯ 27.8; F[6] ϭ 1.1; p ϭ 0.36). As illustrated in this figure, children showed a significant preference toward the second-implanted side, ITD conditions generated a higher percentage of CI-2 responses than CI-1 responses (F[1] ϭ 15.31; p ϭ 0.002). Notably, the frequency of "middle" reports does change significantly across ITDs (F[6] ϭ 4.201; p ϭ 0.001). This significance can be attributed to an increase in the percentage of middle responses at Ϫ2000 ITD (Ϫ1000 ITD: 6.7 Ϯ 20.9% versus Ϫ2000 ITD: 16.7 Ϯ 20.9%). Nonetheless, the children in the CI group reported that sounds were perceived from the middle significantly less frequently than the children in the NH group (F[6] ϭ 34.4; p Ͻ 0.005).
DISCUSSION
Many of the children using CIs who participated in this study were able to detect changes in electrical pulses delivered simultaneously at slow rates from bilateral CIs when level differences between the implants were altered. In contrast, most could not perceive changes in interimplant timing cues. Further, lateralization abilities of children using CIs based on interimplant level cues differed significantly from lateralization in their NH peers. Children in the CI group (1) most often perceived sounds to come from their second-implanted side (CI-2), (2) rarely perceived sounds to come from the middle of the head, and (3) occasionally perceived sounds to come from both sides simultaneously. On the basis of these findings, we cannot rule out the possibility that children using sequentially provided bilateral CIs use monaural cues to process interimplant level differences. Differences from normal abilities to perceive changes in interaural level and timing differences could relate to the effects of bilateral auditory deprivation, auditory development driven by electrical and often unilateral stimulation, or possible mismatches in pitch and level of stimulation provided by two different CI devices.
Children Have Difficulties Lateralizing Bilateral CI Stimulation Using Interimplant Timing Cues
Most children in the CI group were unable to lateralize pulses with ITDs, whereas the NH group performed this task without difficulty, suggesting that binaural processing is at least partially disrupted in our CI group. Considering that ITDs are generally the dominant cue for sound localization in NH individuals (Seeber & Fastl 2008) , this finding suggests that children receiving bilateral CIs sequentially after a significant period of unilateral CI use (mean Ϯ SD ϭ 4.9 Ϯ 2.8) are likely to have some difficulties localizing sound. Fig. 8 . Balanced interimplant levels were predicted using the regression of behavioral measures (equal probability ϭ 0.5) and the minimum wave eV amplitude difference from electrophysiologic measures. Differences between these two measures are shown for children in the CI group. Negative values indicate balanced eV amplitudes occurred at a greater magnitude decibel difference than balanced behavioral responses. Alternatively, positive values represent greater magnitude decibel differences required for balanced behavioral responses than for electrophysiologic responses. In 10 of the 13 children, the two measures were in agreement (5 with agreements of between Ϫ2.0 and Ϫ0.1 dB and 5 between 0 and 2.0 dB). Three children had larger differences between the two measures (Ϫ4.0 dB in 1 child and between 2.1 and 4.0 dB in two children).
Poorer abilities using ITDs than ILDs observed in the CI group are consistent with previous literature involving adult bilateral implant users (van Hoesel & Tyler 2003; Laback et al. 2004; Grantham et al. 2007 Grantham et al. , 2008 Seeber & Fastl 2008) . These studies demonstrated that bilateral CI users were less sensitive to ITDs than they were to ILDs, regardless of the stimulus parameters. Grantham et al. (2007) showed that, in a group of adult bilateral CI users, removing the high-frequency component of a 1-kHz free-field sound resulted in greater localization errors than when the high-frequency sounds were included. As free-field ILD discrimination normally relies on high-frequency sounds, this suggests a reliance on ILD cues as opposed to ITDs in everyday listening conditions for CI users. Likewise, research that has used direct stimulation of participants' CIs, as opposed to free-field localization, revealed ITD thresholds of up to an order of magnitude greater than their NH counterparts (Lawson et al. 1998 ; van Hoesel 2004) .
Previous research has also shown that ITD sensitivities in adult CI users tend to improve when stimuli are presented at slower rates (van Hoesel & Tyler 2003; Majdak et al. 2006; van Hoesel 2007) . Van Hoesel and Tyler (2003) reported ITD sensitivities in the range of 100 to 150 sec at stimulus rates of 200 pps or less. The same group later indicated that at rates of 100 pps, ITDs could contribute substantially to lateralization performance ( van Hoesel 2007) . Electrophysiologic evidence that brain stem response amplitudes decrease with increased presentation rates also supports the premise that lower rates of presentation support neural firing in the auditory brain stem (Davids et al. 2008) , which is where binaural processing first occurs. In the present study, ITDs were presented at extremely Fig. 9 . Individual behavioral reports from children with cochlear implants in response to presentations of changing interimplant timing differences (ITDs). The sizes of the solid circles represent the percentage of times out of six presentations that each response was given. Only children 2 showed any trend toward perception of changing ITDs (CI-F and CI-M).
low rates of 11 pps. Based on ITD sensitivities reported in from previous studies, presentation rates of 11 pps would allow for sensitivities of at lease 100 sec in adult listeners. However, this was not observed in the children with CIs who participated in the present study. This apparent difference in ITD sensitivities between adults and children who use bilateral implants indicates that electrical as opposed to acoustic stimulation cannot by itself account for the observed inability of children to interpret ITDs. Alternatively, this pattern may relate to differences in auditory development or to insufficiently matched interimplant stimulation.
Bilateral electrical pulses have been used to study ITDsensitive neurons in the inferior colliculus of acutely deafened cats (Smith & Delgutte 2008) , the inferior colliculus of congenitally deaf white cats (Reference Note 1), and in the dorsal nucleus of the lateral lemniscus in NH gerbils (Reference Note 2). Findings indicate that brain stem neurons are sensitive to ITDs presented by bilateral electrical pulses at slow rates but that these responses are marked by differences from normal responses to acoustic stimuli. The numbers of ITDsensitive neurons are reduced in cats with bilateral congenital deafness (Reference Note 1), suggesting a further complication to ITD processing caused by the lack of normal bilateral auditory experience in development.
Lateralization in Children Using Bilateral CIs Is Different From Normal
Children using bilateral CIs after a period of unilateral CI use seldom reported that bilateral stimulation was perceived as coming from the middle and occasionally indicated that bilateral input was coming from both sides. Both middle and both responses were inconsistent and, across the group, these responses did not significantly change with changes in stimulus presentation (ILD or ITD) . The absence of a perceived middle and abnormal both responses in our group of bilateral CI users may suggest that these children fail to hear a normally fused auditory image on bilateral CI stimulation. None of the children in the NH group reported that sounds were perceived from both sides simultaneously, despite the fact that both groups of children were instructed before testing began that both was an appropriate response. Children in the NH group did not describe sounds as coming from both sides simultaneously even when ITDs of 2000 sec were presented, despite this signal being greater than physiologically relevant values (Furst et al. 1985) . The observed lack of middle response is new and can be attributed to the protocol used in this study. Previous research has measured just noticeable differences for ILDs and ITDs typically or percent accuracy in free-field sound localization tasks. In these tasks, typically, participants are not asked to describe the perceived locations of near-equal interimplant stimuli. However, a recent study has shown that children using bilateral CIs make significantly larger errors in tasks of sound localization accuracy than NH children and some have difficulties identifying when sounds are coming from the front (van Deun et al. 2009a) .
Differences between behavioral responses in children using bilateral CIs and their NH peers relate both to the differences in auditory experience and development as well as to limitations of electrical rather than acoustic bilateral stimulation.
Limitations of Electrical Bilateral Stimulation for Binaural Processing
Bilateral electrical pulses are processed in the auditory brain stem but may cause different responses than would acoustic stimulation (Reference Note 2). Further, mismatches in pitch or place of stimulation between the two CIs or unbalanced current levels could add to difficulties processing bilateral electrical stimulation.
Mismatches in Pitch or Place of Electrical Stimulation
• Unlike previous research in adults using bilateral CIs ( van Hoesel & Tyler 2003; Majdak et al. 2006 ; van Hoesel 2007) , subjective matching for place of stimulation was not possible in our CI group. Rather, the same electrode (no. 18) was chosen for stimulation from both CIs. To do otherwise would have provided stimulation patterns that were abnormal for the Fig. 10 . Mean behavioral reports from normal hearing (NH) and cochlear implant (CI) groups in response to interimplant timing differences (ITDs). The sizes of the solid circles (A) represent the percentage of times each response was given. Outlined circles represent Ϯ95% confidence intervals. Children in the NH group showed a clear shift from left to middle to right as ITDs changed from left leading to no ITD to right leading. No significant change in responses was found in children using CIs with change in ITDs. Responses to ITDs from children in the NH (left) and CI (right) groups are also presented in the form of a line graph (B).
children. However, it could be argued that there were pitch mismatches between the two implants, which could have disrupted meaningful binaural processing. Indeed, lateralization of interaural timing differences suffers when different frequencies of sound are delivered to each ear in NH listeners (Henning 1974; Nuetzel & Hafter 1976) . On the other hand, matching the place of stimulation in the two cochleae may not be as challenging with electrical stimuli compared with bilaterally presented acoustic input perhaps due to the wide spread of electrical current along the cochlea (Long et al. 2003; van Hoesel 2004) . In adult bilateral implant users, mismatches in place of stimulation of seven to eight electrode bands between the two cochleae diminishes ITD sensitivity but does not eliminate it entirely (van Hoesel 2004) . It is unlikely that all 19 children who participated in this study had such large differences in place of stimulation for electrode no. 18 between sides. In summary, the lack of subjective interimplant electrode matching in this study is likely not enough to account for the inability of children in this group to interpret ITDs or to perceive bilateral input as coming from the middle.
Unbalanced Current Levels • It is also possible that intensity matching between implants was not precise enough to generate a middle response. As ILD increments were provided in steps of 10 CU, perceptually matched intensities could have fallen somewhere between these parameters for children using CIs. However, it should be noted that clinical methods for determining minimum and maximum CI stimulation levels typically use step intensities of 5 to 10 CU. More specific measures (i.e., step sizes Ͻ5 CU) are not currently practiced for setting bilateral CIs in children, given the accuracy inherent in children's behavioral responses and the longer test time required for smaller step sizes. To more directly address the question of fusion of bilaterally presented sound in children with two CIs, a comparison of the lateralization abilities of sequentially and nonsequentially implanted children is required and an ILD task with smaller increments would be valuable.
Mismatched CI Devices • Children in the CI group were considerably more successful at lateralizing stimuli with ILDs than those with ITDs. However, the response pattern from many participants indicated that binaural stimuli lateralized more frequently to the second implanted side (CI-2) than to the first (CI-1). Similarly, measured eV amplitudes were often greater when evoked by CI-2 than CI-1 at similar stimulus intensities. The higher sensitivity to CI-2-evoked responses over CI-1 in the same range of intensities can perhaps be explained by the use of different device generations between sides as a result of sequential implantation.
Advances in CI technology have led to several changes in the way electrical pulses are delivered, any of which could result in stimulating the two auditory nerves in slightly different ways. The participants of this study used combinations of nucleus 24M, 24CS, 24CA, and 24RE devices. Only one child (CI-N) used the same device generation in both sides (24RE). Electrophysiologic responses from this child show closely matched eV amplitudes at equal stimulus intensities and, behaviorally, CI-N did not show a bias toward one side over the other.
In the remaining 18 children, potential differences in device generations include, but are not limited to: the use of halfbanded electrodes, which directs stimulation toward the spiral ganglion cells in the modiolus; the use of straight versus curved electrodes; and methods of current conversion. Correlating discrepancies in responses evoked by each device to differences in device generations was complicated by the variety of device combinations used within the CI group and the feasibility of measuring important variables such as the distance of the electrode array from the modiolus. However, analyses did indicate that children who used one 24RE device had significantly larger mismatches between their EABR responses evoked by CI-1 versus CI-2 (t[17] ϭ Ϫ2.826; p Ͻ 0.05), even when differences in current conversion were taken into account, by expressing intensities in decibel rather than CU. Effects of device differences were observed, despite the fact that all children in this study used devices from the same manufacturer. Previous work from our laboratory has shown that ECAP thresholds evoked from 24RE generations are lower than those from other devices (Gordin et al. 2009 ). This supports the idea that 24RE devices may require lower levels of stimulation than earlier generations to elicit the same response. Similar differences in responses were not observed for children who used a combination of curved versus straight electrodes. Some correlations between duration of bilateral and unilateral implant use and mismatches in EABR amplitudes were observed; however, these observations could not be meaningfully delineated from the effects of device differences.
The Potential Role of Auditory Experience for Binaural Processing
A major difference between the children in our CI group and adult CI users is that the adults studied often developed hearing loss after many years of acoustic auditory experience. The children in this study experienced little to no auditory development before receiving their first CI and then were subject to unilaterally driven auditory development before receiving a second implant. The auditory experience of the children in this group raises two important questions: (1) Is bilateral electrical stimulation sufficient for the development of normal binaural processes? and (2) Does a period of unilaterally driven auditory development hinder the development of normal binaural processes?
The durations of unilateral and bilateral implant use or acoustic experience before implantation may have affected the children's abilities to interpret interimplant level and timing cues. Congenitally deaf white cats retain neurons capable of processing binaural cues both in the brain stem and cortex (Reference Note 1; Kral & Eggermont 2007) but these neurons are fewer in number and demonstrate some abnormal response properties to electrical stimulation. In our study cohort, three children had some degree of auditory exposure before receiving their first CI (CI-N, CI-Q, and CI-R). However, these children did not show any better sensitivity to ILD or ITD cues than the other 16 children in the CI group. In fact, CI-Q and CI-R were excluded from analysis, because they did not respond with Ͼ50% accuracy to unilaterally presented pulse trains. Therefore, despite having had some history of acoustic experience, CI-Q and CI-R found the lateralization task difficult. Previous research has indicated that, in children, acoustic experience (through the use of hearing aids) before receiving CIs resulted in improved localization performance later on for bilateral CI users (van Deun et al. 2009 ). Unfortunately, similar conclusions cannot be made based on this research, possibly because of the small numbers of children who had useable residual hearing before bilateral CI use. Further investigations involving children with varying durations of acoustic experience are required.
It is also possible that unilateral CI use, although effective for auditory development (Ponton et al. 1996; Gordon et al. 2003 Gordon et al. , 2005 Gordon et al. , 2006 Gordon et al. , 2007 Svirsky et al. 2004; Sharma & Dorman 2006) , may not be sufficient for normal development of neural centers necessary for comparing interaural cues. EABR responses from children receiving bilateral CIs sequentially have been shown to have delayed eV latencies when evoked from CI-2 relative to CI-1 (Gordon et al. 2008) . Moreover, a possible electrophysiologic marker of binaural processing, the binaural difference, was also observed to be delayed in latency in children with sequential CIs compared with children using simultaneously provided CIs (Gordon et al. 2008) . This work suggests that sequential implantation may result in some degree of aberrant processing in the auditory brain stem in deaf children with little to no normal acoustic experience. The significant difficulties the children with CIs have in perceiving changes in bilateral level and timing cues may thus be related to deficits in the auditory brain stem pathways after electrically and unilaterally driven auditory development. This should be examined further in children who receive bilateral CIs simultaneously and after shorter periods of unilateral CI use.
The children in the CI group experienced variable lengths of unilateral implant use (0.7 to 11.1 yrs; mean Ϯ SD ϭ 4.9 Ϯ 2.8) and bilateral implant use (0.7 to 4.5 yrs; mean Ϯ SD ϭ 2.2 Ϯ 1.1) at completion of the behavioral lateralization task. Unfortunately, findings such as the lack of ITD lateralization was observed in most children, and the lack of perceived middle was observed in all children, regardless of unilateral CI use or length of bilateral CI use. This consistency made it difficult to assess the effects of duration of unilateral or bilateral implant use. In addition, these variables are significantly associated with the types of devices used; children with the longest periods of bilateral implant use did not use a 24RE on either side. However, it is possible that more sensitive binaural processing abilities may develop after longer bilateral CI use in these children, particularly considering the percentage of their lifetimes spent with unilateral (57 Ϯ 17%) versus bilateral auditory exposure (32 Ϯ 18%). A longitudinal study in children with different combinations of device generations would be useful to delineate these effects.
Using Electrophysiology to Balance Interimplant Stimulation in Children
Wave eV amplitudes of electrically evoked auditory brain stem responses (EABRs) were significantly correlated with behavioral lateralization of ILDs in our CI group, suggesting that these measures could provide a tool to match interimplant current levels. As shown in Figure 3 , amplitude growth functions of wave eV were similar between the two CIs on average but this would be important to verify for individual children if this tool were to be useful. Individual results indicated that, as the wave eV amplitudes evoked by CI-2 versus CI-1 became increasingly different, bilaterally presented stimuli were increasingly lateralized. Moreover, the lateralization occurred in the direction of the side with the larger amplitude response. Thus, the use of EABRs may be helpful to match interimplant intensities in children who cannot reliably indicate which implant sounds louder than the other. We suggest that this behavioral task is difficult for children who have no prior bilateral hearing experience. Providing children with "balanced" bilateral stimuli might help develop appropriate sound localization or lateralization abilities.
CONCLUSION
The results from this study demonstrate that children using bilateral CIs after a period of unilateral CI use can recognize ILDs although it is not clear whether they are using unilateral or bilateral processing of level cues. Nonetheless, these children have the potential to make use of naturally occurring ILDs to successfully localize sounds in everyday listening situations. However, children using bilateral CIs were unable to lateralize bilateral stimuli presented with ITDs and rarely reported the perception of sounds as coming from the middle. These findings indicate that, although bilateral implantation likely allows for some degree of bilateral comparisons, binaural processing is hindered in these children. This may be the result of bilateral deafness, unilaterally driven auditory development, or electrical stimulation of the auditory system through unmatched CI devices. It is possible that considerably greater attention to matching of level and pitch between the implants would yield better perception of both ILD and ITD cues. If so, this would be an important consideration in clinical programming of bilateral CIs in children in which current intensities are typically manipulated in steps similar to those used in this study (i.e., 5 to 10 CU). Objective measures may help to balance interimplant levels. In this study, we found some predictive value of comparing EABR wave eV amplitudes evoked from each CI. Further work is needed to determine whether the place of bilateral electrical stimulation should be optimized in children to establish a method to do this. We must also examine whether ITD and ILD perception improves in these children after longer periods of bilateral CI use.
